For the Western-Pacific region spread-F has been found to occur with delays after geomagnetic activity (GA) ranging from 5 to 10 days as station groups are considered from low midlatitudes to equatorial regions. The statistical (superposed-epoch) analyses also indicate that at the equator the spread-F, and therefore associated medium-scale traveling ionospheric disturbances (MS-TIDs) occur with additional delays around 16, 22 and 28 days representing a 6-day modulation of the delay period. These results are compared with similar delays, including the modulation, for D-region enhanced hydroxyl emission (Shefov, 1969) . It is proposed that this similarity may be explained by MS-TIDs influencing both the F and D regions as they travel. Long delays of over 20 days are also found near the equator for airglow-measured MS-TIDs (Sobral et al., 1997) . These are recorded infrequently and have equatorward motions, while normally eastward motions are measured at the equator. Also in midlatitudes D-region absorption events have been shown (statistically) to have similar long delays after GA. It is suggested that atmospheric gravity waves and associated MS-TIDs may be generated by some of the precipitations responsible for the absorption. The recording of the delayed spread-F events depends on the GA being well below the average levels around sunset on the nights of recording. This implies that lower upper-atmosphere neutral particle densities are necessary.
Introduction
An early analysis (McNicol et al., 1956) as well as subsequent investigations (Bowman, 1990 (Bowman, , 1991 Bowman and Monro, 1988; Bowman et al., 1994) have shown that for midlatitude locations, medium-scale traveling ionospheric disturbances (MS-TIDs) are responsible for ionogram-recorded spread-F occurrence. The spread traces result primarily from off-vertical radiowave specular reflections. For example McNicol et al. (1956) have detected 82 spread-F associated MSTIDs traveling mostly in northwest directions, with speeds varying from 42 to 97 ms −1 . Results from equatorial latitudes suggest a similar reflection mechanism (Flaherty et al., 1996; Sales et al., 1996; Weber et al., 1996; Wright et al., 1996) . The analyses for this investigation involve an examination of the delayed occurrence, after geomagnetic activity (GA), of spread-F. A range of stations of different latitudes have been used, including equatorial stations.
The subdivision into groups of ionosonde stations around the world from subauroral to equatorial regions, in terms of their L-shell locations, is indicated by Table 1 , although it will be used here for the Western-Pacific region. Some sample stations from this region are also listed in Table 1 . Earlier investigations (Bowman, 1979 (Bowman, , 1982 which considered world-wide stations by superposed-epoch (SE) analyses with daily A P indices as key days, were able to establish that delays did occur. These ranged from 0.5 days for subauroral stations to several days for central midlatitude locations. FurCopy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. thermore the delays were shorter for higher levels of GA. For example Table 2 lists delays recorded for different GA levels for central midlatitude locations (group 4). Also, for example, the corresponding delays for group 2 were 2.0, 1.0 and 0.6 days. Other evidence for shorter delays of a day or so for individual high-midlatitude stations has been reported by Bowman (1992a) and Bowman and Mortimer (2003) .
Most of the analyses will involve sunspot-minimum years (1971) (1972) (1973) (1974) (1975) (1976) (1977) , but sunspot-maximum years will also be used. Here the delays will be examined from group 5 to the group 8 equatorial stations. Earlier, as Table 2 shows, group 4 was shown to register delays as large as 3 days. Two particular papers, which will be discussed, seem important to this investigation. One relates to delays after GA experienced by D-region hydroxyl emissions (Shefov, 1969) . This investigation has also considered airglow measurements by Sobral et al. (1997) which detected equatorward moving MSTIDs at an equatorial location. These can be considered as distinct from MS-TIDs normally measured near the equator with eastward components of velocity (see results and references given by Sobral et al., 1985, and Abdu, 1991) . Here MS-TIDs with equatorward movements will be called type A MS-TIDs and those with eastward components type B. This paper will also consider delays after GA of D-region absorption because of some similarities with the spread-F delays. The literature on the subject is summarised by Sato (1981) . In addition satellite particle-precipitation events reported by Nagata et al. (1988) have been analysed for evidence of delays after GA.
In the Discussion and Conclusions section an attempt will Table 2 . Group 4 stations (after Bowman, 1982) .
A P index Delays (days)
15 < AP ≤ 35 3.5 35 < AP ≤ 70 1.5 70 < AP ≤ 150 1.0 be made to reconcile the remarkable similarity between delays after GA of D-region hydroxyl emissions (Shefov, 1969) and spread-F occurrence (Table 2) , at least from subauroral to central midlatitude locations. For these emissions the SE analyses required normalization as is the case for spread-F. These hydroxyl delays have been tracked all the way to the equator, which the present investigation has considered for spread-F. Shefov (1969) reports on delays "-a few days after the commencement of a geomagnetic storm and last up to 30 days. The delay in time depends on the latitude, and on the vicinity of the equator is about 10 days". Another feature of Shefov's results, which seems important, is the existence of a 6-day periodicity in the enhancements, following the initial delayed emissions. Thus with this periodicity, delays at the equator can be expected to be approximately 10, 16, 22 and 28 days. Delays of similar durations will be examined here for spread-F at equatorial stations. Tables 3 and 4 list respectively geomagnetic coordinates for the geomagnetic or ionosonde stations used for these analyses.
Data and Methods of Analysis
Valuable as they are in other respects, examinations of individual MS-TIDs are unlikely to reveal much information on their possible associations with GA (Bowman et al., 1994; Saito et al., 2002; Ogawa et al., 2002) . Instead this present investigation has used the statistical approach employing the SE technique. For several decades now information on spread-F occurrences has been available from ionosonde results in the form of monthly bulletins of ionospheric parameters at hourly intervals from stations around the world. The use of the descriptive letter (F) on the f o F 2 values has allowed nightly estimates of spread-F occurrence Bowman (1994) ) the changes over these intervals for levels of the upper-atmosphere neutral particle density (NPD) are very similar (Bowman, 1992b) . The date for the first half of the night was used. High controls were assessed from values ≥1.33 times each monthly average value and low controls for values ≤0.50 times the averages. Some of the data from the analyses reported here are taken from the airglow measurements of Sobral et al. (1997) . These measurements were made at Cachoeira Paulista (dip 28
• S) an equatorial station in Brazil. This paper lists 40 events recorded from 1977 to 1984 (inclusive). The parameter f-min has also been analysed, again using SE methods for events at Christchurch, Irkutsk and Brisbane. Controls are obtained for H-component analyses for f-min values ≥1.33 times median values for a central hour or two hours either side. The control hour was 1500 local time (LT) for Christchurch and Irkutsk, and 1200 LT for Brisbane. From the OHZORA satellite, the precipitation of electrons and protons totalling 166 events recorded from March 1984 to September 1986 and listed by Nagata et al. (1988) have been used as controls for an H-component SE analysis.
Hourly values of either the AE, AL or AU index or the geomagnetic H component at a range of stations will be used as data in SE analyses with key days (controls) selected from spread-F occurrence levels. The analyses will centre mainly on stations in the Western-Pacific area, although two additional equatorial stations will be used. The analyses are capable of detecting delays as large as 30 or 35 days. The AE, AL and AU indices are all treated as positive in the analyses and, as shown by Mayaud (1980) , the H component analyses can be expected to give either positive or negative results of importance. After the SE columnar additions were obtained for the H-component analyses the daily average for each station was subtracted for each day, thus obtaining values representative of departures from average behaviour (Bowman and Shrestha, 1998). As mentioned SE methods have been used throughout. These involve establishing an array of data points in lines, one after another, plotting a particular parameter at specific intervals (e.g. hours, days or months) relative to (before and after) control events recorded by another parameter. The columns of this array are then added and averaged in the hope of finding a significant displacement which would indicate some association between these parameters. The analyses used here embraced many days of GA. Most involve the centre hour ±30 days (or 1441 hours) so that for the final summations the displacements from the mean are distributed normally. These are expressed as standard-deviation displacements from the mean. Thus the statistical significance of any displacement can be assessed. Only small interesting sections of the extensive plots obtained from these analyses are presented here. The centre hour used has been 0000 Universal Time (UT) for the date of each spread-F entry. The local time of any position on a plot can be determined from this reference time. The larger displacements have been blacked out above an arbitrary value of two standard deviations, thus highlighting certain positions on the plots.
Using hourly values of GA and nightly estimates of spread-F occurrences, earlier analyses (Bowman, 1993 (Bowman, , 1994 (Bowman, , 1996 (Bowman, , 1998 have shown that generally delayed spread-F occurrences were related to GA at specific local times which were the early morning hours of the ionosondes station used. Hours around midnight and 0600 LT were particularly involved. From these results it seemed likely that the enhanced GA of interest was independent of any particular hour of the night for spread-F occurrence. This method has also revealed a suppression of GA at specific times in the daylight hours (1200 and 1800 LT) immediately preceding the nights of spread-F occurrence (Bowman, 1995 (Bowman, , 1998 . Using the same method of analysis the results to be shown here are as expected from previous results (see for example results to be given for Manila and Kodaikanal).
Results
The results to be presented will detail (a) MS-TID equatorial airglow measurements, (b) delayed spread-F occurrence (delays recorded to the nearest hour) for stations ranging from group 5 to group 8, and (c) the possibility that D-region absorption may be involved in the generation of MS-TIDs.
Type A MS-TID equatorial airglow measurements
For the equatorial airglow-measured MS-TIDs mentioned earlier (Sobral et al., 1997) there was no apparent association with GA at the times of recording. The disturbances probably had shallow wave amplitudes as no spread-F was recorded on ionograms. An interesting feature is that the samples given of the ionospheric macroscale changes when the MS-TIDs arrive (figure 4 of Sobral et al., 1997) are virtually the same as those found for the MS-TIDs responsible for spread-F in midlatitudes (Bowman, 1990) . A simple manual inspection of each of these airglow-recorded MS-TID events with K P values shows a marked tendency for GA to peak around 27 or 21 days earlier. Using the AU index and treating each year separately, SE analyses have shown one or other of these delays (depending on the year) at high levels of significance. Rather than illustrating each year separately, the results for the years 1978 and 1983 have been combined and presented by Fig. 1(a) for the 21-day delays, as have the years 1979 and 1980 for the 27-day delays ( Fig. 1(b) ). Table 2 shows, from previous work, that group 4 spread-F delays can be as high as 3.5 days. For average spread-F levels of Townsville, Akita and Tokyo (group 5) Figure 2 (a) indiciates the most significant delay to occur at 5 days. Group 6 stations are represented by Yamagawa for which Figure  2 (b) shows a range of delays with the maximum displacement occurring for a delay of 8 days. All the AE indices have been used as positive so that negative displacements can be interpreted as suppressed GA. As has been noted earlier (Bowman, 1995 (Bowman, , 1998 ) the recording of spread-F at these and other stations depends to a large extent on GA being suppressed around the sunset hours, for the nights of spread-F occurrence. Possible reasons for this will be mentioned in Section 4. Spread-F occurrence for Chung Li and Okinawa (group 7 stations) has been investigated using GA as recorded by the geomagnetic H component. The auroral stations Tixie Bay, Cape Wellen and College were used. Analyses of this type will give results where GA can be recorded as significant by displacements which can be either negative (related to the AL index) or positive (related to the AU index) (Mayaud, 1980) . Thus Figure 3(a) shows, for group 7, significant negative displacements with delays ranging from 9 to 13 days. Positive displacements are also recorded at days 28 and 29. Similar observations can be made from Fig. 3(b) for Manila (a group 8 equatorial station) with delays (negative displacements) near 15, 16, 17, 20 and 21 days, with other delays (positive displacements) near 27 and 28 days. It may not be a coincidence (Fig. 3(b) ) that a 6-day periodicity can be recognized using delays of 15, 21 and 27 days, which are the more important displacements. High or low spread-F controls at Manila are also considered by a SE analysis using the AU index. Similar to the H-component analysis (Fig. 3(b) ) significant displacements are found indicating delays around 16 days (Fig. 4(a) ). Again it is shown that one of the conditions which allows the recording of above-average levels of spread-F is the existence of low levels of GA, particularly in the hours of 1300 and 1800 LT on the recording days of interest (Fig. 4(a) ). Another feature illustrated by Fig. 4(b) , the result of an analysis using low-level controls, is the recording of a "mirror image" of the positive results shown in Fig. 4(a) . Analyses which use the SE method will reveal associations relative to the average levels of the parameter being investigated (GA in this case). Therefore the negative displacements on Fig. 4(b) can be explained if delayed spread-F also occurs for average GA levels. Results for two other equatorial stations (Huancayo and Kodaikanal), outside the Western-Pacific region, are found to be consistent with the equatorial results reported here. For Huancayo the pre-midnight (PM) period of sunspotmaximum years ( Fig. 5(a) ) a delay around 21 days is well defined, while for an after-midnight (AM) period of sunspotminimum years, delays which are not well-defined, are recorded for days 22 and 26 (Fig. 5(b) ). The more interesting feature of this figure is the significant positive displacement (7 standard deviations) around midnight on nights of high spread-F occurrence, which the controls represent. For other periods investigated (see Fig. 4(a) ) negative displacements are normally recorded prior to the nights representing the controls. For this period large-scale traveling ionospheric disturbances (LS-TIDs) are known to be responsible for spread-F in the pre-sunrise period. On Fig. 5(b) the asterisk is placed at 0600 LT. These high levels of GA a few hours before the spread-F are in all probability responsible for the generation of atmospheric gravity waves (AGWs) which are in turn responsible for the LS-TIDs (see Bowman, 2001) . Figures 8 and 9 of Bowman (1995) give further examples of this phenomenon. The results for Kodaikanal are given in Fig. 6 , an interesting aspect being delays registered for a number of consecutive days. Using data from the December solstice months, delays ranging from 7 to 10 days are recorded (Fig. 6(a) ). However Figure 6 (b) reports results (data for equinoctial months were used) of delays which maximize near 15 days but extend from 12 to 16 days.
Delayed spread-F occurrence
In the Introduction it was explained that, for the hydroxyl emission results indicated for equatorial regions, delays of magnitudes 10, 16, 22 and 28 days were expected. The spread-F results which have been presented here give delays which are reasonably consistent with these expectations for hydroxyl emissions. To summarize these spread-F results Table 5 lists the figure locations in this paper which can at least be matched to 10, 16, 22 and 28 day delays.
D-region absorption
It has been known for some time that, somewhat similar to that experienced by spread-F occurrence (Table 2) , D-region absorption (such as that measured by f-min) is delayed progressively as lower latitude stations are considered. One proposal has suggested that AGWs and related MS-TIDs are generated as a result of some of the D-region precipitation events responsible for the absorption (Bowman, 2000) . Sato (1981) investigated this delayed absorption over a range of stations and detailed the literature on the subject. One result (Sato, 1981) , which is relevant here, indicated the measurement of absorption of "-long duration, sometimes more than a fortnight".
Using f-min recordings as controls an investigation into this delayed absorption at Christchurch and Irkutsk has, using H-component analyses, not only shown the change in delay with latitude, but also (statistically) the existence of delays over several consecutive days (Fig. 7) , somewhat similar to the consecutive spread-F delays recorded on the spread-F figures (particularly Figs. 3 and 6 ). For Christchurch the auroral stations were the same as for Fig. 3 and Tixie Bay and Dixon were used for Irkutsk. The Irkutsk plot has delays which are as long as 10 days. Sato (1981) was able to measure absorption at stations as equatorward as Wakkanai. Wakkanai and Brisbane (which have similar latitudes) have been investigated for delayed absorption by a method similar to that for Christchurch and Irkutsk. Both analyses showed a delay around 27 days. The Brisbane results are presented in Fig. 8(a) where delays are shown on consecutive days extending from 23 to 31 days. Similar results were obtained by two analyses which used controls obtained by subdividing the controls for Fig. 8(a) . Also of interest here are the precipitation events measured by the OHZORA satellite involving energetic electrons and protons (Nagata et al., 1988) . Figure 8 (b) results from using these OHZORA events as controls in an H-component analysis. The delayed occurrence on consecutive days of these precipitations is not only around 6 and 15 days, but of particular interest here, around 27 days. Wakkanai and Brisbane are located on L-shells of 1.6 and 1.5 respectively, which can be compared with the OHZORA precipitation areas (L-shells 1.6-1.8). The analyses used for Figs. 8(a) and 8(b) used the same auroral stations as those used for Fig. 3. 
Discussion and Conclusions
The earlier analyses of delays after GA for world-wide spread-F occurrence (Bowman, 1979 (Bowman, , 1982 have found the existence of delays of several days (Table 2) up to central midlatitude locations (group 4). These present analyses have investigated the delayed occurrence for individual stations in the Western-Pacific region at locations equatorward of group 4 stations. It has been shown that the initial delay for low midlatitude stations is 5 days (Fig. 2(a) ), for low latitudes 8 days (Fig. 2(b) ) and equatorial latitudes 10 days (Figs. 3 and  4) . Further, delays around 16, 22 and 28 days are also found for the equatorial station of Manila (Fig. 3(b) ). Also this 6-day modulation of delays has been found for the equatorial stations of Huancayo and Kodaikanal at other longitude locations (Table 5 ). High levels of statistical significance are recorded for many of the interesting displacements. Analyses involving the airglow measured MS-TIDs near the equator (Sobral et al., 1997) have also indicated the existence of long delays after GA. An interesting aspect for these particular MS-TIDs is that this delayed occurrence can be recognized for individual events. The spread-F results are very similar to those found for enhanced D-region hydroxyl emissions (Shefov, 1969) .
It seems important to discuss the levels of significance of the results presented here. The percentage probabilities of certain selected displacements on the figures being random are (a) 5.7 × 10 −5 for the 5.0σ displacement on Fig. 1(b) , (b) 1.5×10 −2 for 3.8σ on Fig. 6 (a) and (c) 4.1×10 −3 for 4.1σ on Fig. 6(b) (Croxton, 1949) . Similar assessments can be made for other major displacements on the figures. For Manila Fig- ures 4(a) and 4(b) show distributions one being the "mirror image" of the other. Both figures have significant displacements (around 4σ ) representing the same delays (around 15 days). These distributions were found using independent sets of controls and the results seem unlikely to occur by chance. Although not shown here a similar "mirror image" has been found for Fig. 5 (a) (Huancayo). Other analyses have often produced results of this kind. Also there is a tendency for important displacements to occur on (statistically) consecutive days; and sometimes this occurs on five or more occasions (Figs. 6, 7 and 8) . Thus statistical analyses would seem to have provided good evidence which shows that nighttime MS-TIDs at stations from low midlatitudes to the equator occur at times which indicate delays following GA. What is much less certain is the origin of these disturbances. It has been speculated that AGWs (associated with the MS-TIDs) may be generated as a result of some of the precipitations responsible for D-region absorption. Both the spread-F and absorption events have been shown to have similar delays after GA, particularly the long delays which occur on consecutive days for both phenomena. MS-TIDs originating around midday in midlatitudes (see Fig. 8 ) would be able to reach the equator during the night which follows. Quite apart from any association which might exist with spread-F occurrence the delays (after GA) for the OHZORA satellite precipitations ( Fig. 8(b) ) are by themselves, of interest. Recent evidence Bowman and Mortimer, 2002) and an examination of the literature (Bowman and Mortimer, 2002) has suggested that as MS-TIDs travel, they influence both the F and E S layers in the ionosphere. Also there is microbarograph evidence that at times this coupling may extend to ground level (see references given by Bowman and Mortimer, 2002) . Thus it might be expected that as MS-TIDs propagate disturbance levels will change in the F 2 layer (spread-F) and also possibly in the Dregion (enhanced hydroxyl emission). It has been shown that the ionosphere can be influenced by planetary waves (Vincent, 1984; Apostolov et al., 1994) . Provided that spread-F occurrence is associated with D-region precipitation events as has been suggested, the possibility exists that 5-6 day planetary waves (Parish et al., 1994; Isoda et al., 2002; Yamada, 2002 ) may influence the D-region in such a way as to increase the chances of precipitation events. Figures 2 and 4 show that a necessary condition for spread-F occurrence on nights when it is shown to be delayed is that GA needs to be well below its average level around sunset. Associated NPD levels (Priester et al., 1967; Barlier et al., 1978) will therefore be suppressed. This suppression influences all latitudes up to the equator a short time after GA (Prolss and Ocko, 2000) . Since it is known (Bowman, 1992b) that there is an inverse relationship between spread-F occurrence and NPD levels, spread-F is more likely to be recorded at these times.
If as seems likely the MS-TIDs associated with the spread-F occurrence considered here are generated at locations poleward of the spread-F recording stations they will have at least equatorward components of velocity. In this case they can be regarded as type A events (see Introduction). Midlatitude MS-TIDs have been found to have equatorward motions (see for example McNicol et al., 1956) . Results by Sobral et al. (1997) have been quoted and analysed here. Over a period (1978) (1979) (1980) (1981) (1982) and (b) 166 OHZORA precipitation events (1984 166 OHZORA precipitation events ( -1987 . Both analyses record delays on consecutive days as with spread-F occurrence.
of 8 years and at an equatorial location they have detected 40 cases of equatorward-moving MS-TIDs. These results are contrary to other investigations of MS-TIDs events by Bowman et al. (1994) and Shiokawa et al. (2002) . Both analyses tracked isolated MS-TIDs moving in south-west directions over Japan with little or no evidence of their reaching the equatorial anomaly-crest station of Okinawa. These results suggested a limiting latitude for these MS-TIDs. Shiokawa et al. (2002) propose an "equatorward limit of medium scale traveling ionospheric disturbances (TIDs) in the middle latitudes." Besides the airglow events the spread-F results presented here are not consistent with the existence of a limiting latitude.
